Compounds having excess electrons from the formal valence viewpoint (electrides) are a new class of materials, which often take low-dimensional structures. We studied the (001) surface electronic structures of quasi-two-dimensional electrides Ca 2 N and Y 2 C by density functional theory using a slab model. Both materials were found to have a clean surface state well separated in energy from the bulk states. Furthermore, this state virtually floats above the surface and may be considered to be a hallmark of two-dimensional electrides. For Ca 2 N, a tight-binding model in the Wannier representation was derived and analyzed, from which we concluded that the surface state, described by extra-surface s-like orbitals, is a Tamm state originating from an abrupt increase in potential energy at the surface.
In the case of Y 2 C, density functional calculations indicate a weakly ferromagnetic ground state, 20 but an experiment conducted on polycrystalline samples showed no sign of ferromagnetism down to a temperature of 2 K. 21 (The measured magnetic susceptibility, however, has a peculiar temperature dependence.) Thus, Y 2 C is believed to be close to the border between magnetic and nonmagnetic. On which side of the line it is located is yet to be determined.
Since Q2D electrides are unconventional materials with anionic electrons unassociated with any of the atoms, it should be interesting, from the perspectives of both fundamental research and applications (electronics, 11 catalysis, . For ease of display, a supercell comprising 3 × 3 × 3 conventional cells is drawn. The slab used for our surface calculation is a 1 × 1 × 3 supercell, i.e., its height is the same as in this illustration but the lateral size is scaled by a factor of 1/3 in the a and b directions. Right panel:
Bulk and (001) surface Brillouin zones.
[ In the next section, we present the results of our DFT electronic structure calculation for the bulk and (001) slabs of Ca 2 N and Y 2 C. The calculations were carried out using the Vienna Ab initio Simulation Package (VASP) 26,27 employing a plane-wave basis set and projector augmented wave potentials. 28, 29 The exchange-correlation energy was evaluated in the generalized gradient approximation proposed by Perdew, Burke and Ernzerhof (PBE).
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The plane waves were cut off at 700 eV (600 eV) for the bulk (slabs), and the structures were relaxed until the forces on the atoms became smaller than 0.003 eV/Å (0.01 eV/Å) for the bulk (slabs). The k sampling mesh for Brillouin zone integration was chosen to be 11 × 11 × 11 for the bulk and 13 × 13 × 1 for the slabs, both centered at Γ. 
III. ELECTRONIC STRUCTURE CALCULATION BY DFT

A. Bulk
With one excess electron per primitive unit cell, Ca 2 N is expected to be a metal with a half-filled conduction band if there is no band overlap at the Fermi level. Our DFT calculation has confirmed this. 16 Figure 2(a) shows the energy band structure of Ca 2 N projected onto the 2D surface Brillouin zone (hexagonal) illustrated in the right panel of Fig. 1 . The
Kohn-Sham energies of the Bloch electrons in the bulk are indicated by shaded areas. Here, the bands lying between -3.8 and -1.7 eV are essentially nitrogen p bands, whereas the band between -1.7 and 1 eV can be characterized as a half-filled anionic band. (Throughout the present paper, the Fermi energy E F is set to zero.) The anionic band, which is the only band crossing E F , has a charge density well confined between the LUs and has the nature of a 2D interlayer band. The bands lying above 1 eV are hybrid bands with a mixed Ca d-anionic electron character.
By similar reasoning, one would expect Y 2 C, having two anionic electrons per primitive unit cell, to be a band insulator with a completely filled conduction band. This is not the case, as can be seen from its projected band structure [ Fig. 2(b) ]. The overlap between the first conduction band (anionic band) and the second conduction band (hybrid anionic-metal band) makes Y 2 C a semimetal having both electrons and holes. The charge density of the electrons at E F is mainly confined in the gaps between the LUs but also penetrates further into the metal layers than in the case of Ca 2 N. 16 This hybridization together with the strong Bragg reflection near the Brillouin zone boundary makes the conduction electron mass of Y 2 C heavier than that of Ca 2 N.
The dispersion in the c direction of the anionic band of Ca 2 N, as indicated by the vertical width of the shaded area in Fig. 2(a) , is largest at the band bottom (Γ point, energy between -1.7 and -0.8 eV) and decreases as the energy increases. The enhanced width near Γ is due to hybridization of the anionic band with the low-lying nitrogen p states. In the case of Y 2 C, the width initially decreases upon moving away from Γ, similarly to Ca 2 N, but then starts to increase owing to hybridization with the metal states [ Fig. 2(b) ].
B. (001) Slabs
We investigated the (001) surface electronic structures of Ca 2 N and Y 2 C using slabs containing nine LUs with the same height as in Fig. 1 but scaled by a factor of 1/3 in the a and b directions. A periodic stack of these slabs, with a gap of 30Å between the layers, allows the system to be treated with plane waves. Starting from the bulk structure optimized in the previous section, the three LUs at both ends of the slab were relaxed while keeping the central three LUs frozen. are our interest, we can readily recognize a surface band (red points) located above the continuum of the bulk anionic band. Close scrutiny revealed that there is another surface band (blue points) located slightly below the continuum. 31 The close similarity in the shape of these surface bands to that of the bulk anionic band suggests that they are of the same anionic origin. In addition to the anionic surface bands, there are also surface bands derived from the nitrogen p states. These bands, highlighted in green in Fig. 3 (a), will be briefly discussed in Sec. IV.
32
The red solid line in Fig. 4(a) shows the layer-averaged partial electron density (PED) for Following Ref. 39 , let us write the WFs in a given unit cell as |0α , where α is an index specifying the WFs. These functions can be used to construct the Bloch sums
where |Rα is the WF |0α shifted by a lattice vector R, and N is the number of unit cells.
The Hamiltonian of the system is diagonal in k and its Wannier representation is
Let us write the Bloch functions as linear combinations of |φ αk
where the coefficients are normalized as α C 2 kα = 1. Inserting Eq. 3 into the Schrödinger equation H|Ψ nk = E nk |Ψ nk and using the orthonormality of {|Rα }, one arrives at the secular equation
where the band index n is written explicitly. The solution of Eq. 4 provides an energy band structure that approximates the DFT band structure. We use the WANNIER90 code 40 to obtain |0α and 0α|H|Rβ for the Ca 2 N slab from the output of the DFT band calculation carried out in Sec. III [ Fig. 3(a) ]. A k mesh of 5×5×1 is used for the WF fitting. An energy window of -4 to 0.9 eV is employed to select the Bloch functions used in the Wannier transformation. Since the interlayer transfer is dominated by s-p couplings, it is worthwhile to formally eliminate the p orbitals from Eq. 4 (which is a 37×37 matrix equation) and considering a 10 × 10 effective Hamiltonian spanned only by the s orbitals. This is achieved by separating the matrix H k into s and p blocks and writing Eq. 4 as
where C ks and C kp are column vectors and the band index is suppressed. Eliminating C kp from Eq. 5, we obtainH
Although Eq. 6 contains E k on both sides, its similarity in form to a one-dimensional tight-binding equation is useful for analyzing our system. For example, setting k to 0 and E k to the energy of the anionic band at Γ, the nearest-neighbor off-diagonal elements ofH k=0 Overall, our system is well described by a truncated one-dimensional nearest-neighbor tightbinding model in which the on-site energy is larger at the surface than in the bulk.
A thorough discussion of this model is given in Ref. 41 using the semi-infinite tridiagonal We ascribe it to the dip in the on-site energy of |s1 (the second red dot from the right in but shows little hybridization with the inner p-like states. In spite of the complexity arising from the quasi-degeneracy of the p x , p y and p z orbitals, the p bands are organized into three distinct groups separated in energy as can be seen from Fig. 2(a) . Each of these groups is accompanied by a surface band located at a lower energy (Fig. 8) . We interpret these surface bands as N bands arising from the decrease in the on-site energies at the surface shown in Fig. 10 (black crosses and triangles). The less localized character of these surface bands [ Fig. 11(d) ] is consistent with the general trait of the N surface state. Reidel, Dordrecht, 1976).
